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Background: ‘Diversity’ is often cited as a crucial consideration when generating 
compound collections for biological screening. However, what exactly does 
one mean by ‘diversity’ and why is it important? Objective: How can diversity 
be incorporated into compound collections and what are the theoretical 
and technical challenges this poses? In this editorial, we comment on various 
factors involved in the creation of structurally, and most crucially, functionally 
diverse compound libraries. Conclusions: In particular, we highlight the central 
role played by organic synthesis and discuss the value of diversity-driven 
synthetic approaches in the search for new biologically active molecules 
with potentially exciting and unusual biological properties.
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1.	 Introduction

The screening of compound libraries to identify useful modulators of biological 
systems is fundamental to the drug discovery process and chemical biology studies 
in general. However, a crucial consideration is what compounds to use? By the 
late 1980s, a strong belief had emerged in the pharmaceutical industry that drug 
discovery was simply a numbers game  [1]. The development of combinatorial 
chemistry strategies allowed companies to generate libraries of hundreds of thousands 
of different compounds in a rapid manner at comparably low cost  [2]. The 
assumption was that a multitude of drug leads would emerge simply as a conse-
quence of the sheer volume of molecules available for screening. However, the 
expected surge in productivity has not materialised  [3]. This disappointing degree 
of success is generally attributed to defects in the nature of the libraries produced, 
which have been described as being intrinsically useless for drug discovery  [4]. 
Indeed, a general consensus has emerged over the past decade that library size is not 
everything; library diversity, in terms of molecular structure and, more importantly 
function, is a crucial consideration  [5-7].

2.	 Biological	diversity	and	structural	diversity

A functionally diverse library contains compounds displaying a broad range of 
biological activities. Such collections are especially valuable in ‘unbiased’ screening 
processes in which the precise biological target is unknown as it has been argued that 
a greater sample of the biologically active chemical universe (i.e., of all biologically 
active molecules) increases the chance of identifying a compound with the desired 
properties  [8-10]. The ‘ideal’ library in this context is one of such high diversity 
that, for any given aspect of any biological process, there exists a library compound 
that can modulate that aspect  [5]. The correlation between library functional 
diversity and the likelihood of identifying small molecule modulators for a broad 
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range of biological targets in any screening process  [11] is 
particularly important in modern chemical biology studies. The 
rapid development of genomics and proteomics approaches to 
drug discovery is expected to lead to an exponential increase 
in potential therapeutic targets, creating an ever-burgeoning 
demand on access to diverse chemical libraries  [6].

The biological function of any molecule is intrinsically 
dependent on its molecular structure. Consequently, the overall 
functional diversity of a molecule library is directly correlated 
with its overall structural diversity, which in turn is proportional 
to the amount of chemical space the library occupies  [9].

Although the term ‘diversity’ is to some degree a subjective 
one, there are four main components of structural diversity 
that have been consistently identified in the literature  [12]:

Appendage diversity: variation in structural moieties 1. 
around a common skeleton
Functional group diversity: variation in the functional 2. 
groups present
Stereochemical diversity: variation in the orientation of 3. 
potential macromolecule-interacting elements  [13] and
Skeletal (scaffold) diversity: presence of many distinct 4. 
molecular skeletons.

Variation in the molecular scaffolds present in the library 
(so-called scaffold diversity) is crucial, with small multiple 
scaffold libraries generally regarded as superior to large single-
scaffold libraries in terms of bio-relevant diversity  [8,14]. In 
addition to structural diversity, structural complexity is 
another characteristic that is important in compound libraries 
for screening as molecules that are structurally complex are more 
likely to interact with biology in a selective and specific 
manner  [15].

3.	 Sources	of	small	molecules

Broadly speaking, there are three distinct sources of small 
molecules for use in biological screens: i) naturally available 
molecules; ii) commercially available compound collections or 
iii) new compound collections created by chemical synthesis.

3.1	 Natural	products	and	traditional	combinatorial	
chemistry
A multitude of natural products have proven to be useful as 
drugs or leads  [3] and nature still represents a major source 
of innovative therapeutic agents for infectious diseases  [16]. 
Natural products exhibit enormous structural diversity  [2], 
including scaffold diversity. Unfortunately, there are several 
problems associated with using natural product compounds in 
screening experiments including difficulties with purification, 
biologically active component identification, chemical mod-
ification and analogue synthesis. Commercially available com-
pound collections represent an important alternative source 
of molecules. In the past, such libraries were synthesised in 
a ‘traditional’ combinatorial fashion using a ‘one-synthesis/
one-skeleton’ approach and, therefore, tended to show limited 

structural diversity. However, by combining many of these 
libraries together, a certain degree of chemical diversity can 
be achieved, such as in the compound archives of large 
pharmaceutical companies, which typically comprise several 
million compounds from different sources. It is worth noting 
that such corporate compound collections are, historically, heavily 
biased towards compounds that satisfy certain pre-defined criteria 
imposed by the confines of traditional medicinal chemistry-
lead optimisation campaigns (e.g., Lipinski’s ‘rule of 5’ criteria for 
orally bioavailable drugs)  [15]. Consequently, such collections 
are typically focused around known biologically active chemical 
space (that is, the chemical space spanned by known drug 
molecules and biologically active natural products). Whilst this 
is, by definition, a fruitful region for the discovery of bio-
logically useful molecules, it does potentially run the risk of 
omitting a vast number of biologically active small molecules 
present in unexplored regions of chemical space from any 
screening process  [13]. Another disadvantage associated with 
the use of commercially available libraries in screening exper-
iments is that such collections are already likely to have been 
thoroughly panned for biologically active constituents. This 
is particularly important from a business perspective owing 
to intellectual property complications that may result.

The problems associated with using natural products and 
‘traditional’ commercially available combinatorial-type libraries 
in screening experiments have spurred the development of 
several different synthetic approaches for the de novo creation 
of small molecule collections. Most of these ‘modern’ library 
synthesis methods have abandoned the mass synthesis and 
screening dogma underpinning early combinatorial chemistry 
and instead seek to either identify and efficiently access areas 
of chemical space that have an enhanced probability of con-
taining biologically active compounds or efficiently interrogate 
wide regions of chemical space simultaneously  [17]. The former 
approach is exemplified by methods such as ‘biologically-
oriented synthesis’  [18], ‘biology-inspired synthesis’  [17] and 
privileged structure synthesis  [19] that seek to generate com-
pound libraries based around the core structures of known 
biologically active molecules, typically natural product templates. 
It has been argued that such compound libraries should 
have a high degree of biological relevance owing to the fact 
that evolutionary pressure has ‘pre-validated’ natural products, 
and thus compounds that are structurally similar, to be able to 
modulate biological systems  [17,20]. However, such biased 
methods inevitably generate compound collections with a 
relatively low degree of overall scaffold diversity; thus, only a 
relatively small region of total chemical space is covered, with 
a heavy emphasis towards known biologically active regions.

3.2	 Diversity-driven	approaches	towards	library	
synthesis
Biased synthesis methods are particularly relevant when a 
specific biological target is being considered. However, what if 
one wishes to access unexplored regions of chemical space? These 
areas may contain molecules with exciting, novel biological 
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properties, which interact with new target molecules or act 
through novel modes of action. In this context, a less focused 
approach is required and the use of non-biased, diversity-driven 
synthetic approaches, which aim to access a wider range of 
chemical descriptor space, may be more useful.

The synthesis of a molecular library that achieves this wide 
coverage of both known and unexplored regions of biologically 

active chemical space in an efficient fashion presents a formidable 
challenge to the synthetic chemist. Diversity-oriented synthesis 
(DOS) is an approach towards library synthesis that seeks to 
achieve this goal. DOS has been defined as the deliberate, 
simultaneous and efficient synthesis of more than one target 
compound in a diversity-driven approach  [12]. The overall 
aim of a DOS is the generation of a library of structurally 
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Figure	1.	A	comparison	of	the	synthetic	strategies	used	in	a	traditional	combinatorial	synthesis	and	a	DOS.
DOS: Diversity-oriented synthesis; TOS: Target-oriented synthesis.
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Figure	 2.	 Substrate-	 and	 reagent-based	 approaches.	 A. An illustration of the substrate-based approach to skeletal diversity. A 
collection of substrates that are each based around a similar core skeleton but which carry different appendages (the so-called σ-elements, 
labelled σ1–σ3) is shown [13]. Under a common set of reaction conditions, each substrate is converted into a product having a different 
molecular skeleton, with the skeletal outcome dependent on the nature of the σ−elements present in the substrate; for example, 
‘red’ σ2 elements react in such a fashion so as to generate the molecular skeleton highlighted in red. Such methods are usually based 
around intramolecular folding reactions that ‘pair’ strategically positioned functional groups in the substrates, resulting in compounds 
with diverse skeletons [26]. B. The reagent-based approach involves a short series of divergent, complexity generating reactions from a 
common starting material to generate a collection of compounds with distinct molecular skeletons [13]. In practise, reagent-based skeletal 
diversity is achieved through two main methods [13,21]: i) the use of a densely functionalised molecule in which different functionalities in 
the same molecule are transformed by different reagents (as illustrated) and ii) the use of a pluripotent functionality in which exposure of 
a given molecule to different reagents results in different reactions occurring at the same part (functional group) of the molecule.
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complex and structurally diverse small molecules that 
simultaneously accesses as wide an area of biologically 
relevant chemical space as possible (Figure 1)  [12,13,21].

A DOS synthetic pathway is analysed in the forward sense; 
a single, simple starting material is converted into a collection 
of structurally diverse small molecules in no more than five 
synthetic steps. There is a clear distinction between DOS 
and traditional combinatorial methods: DOS libraries are 
usually smaller but consist of molecules that are typically struc-
turally more complex, have a greater variety of core structures 
(skeletons) and possess richer stereochemical variation  [22]. The 
boundary between modern, more considered combinatorial 
methods and DOS is less clear-cut. Recently, the concept of 
the molecular diversity spectrum has been introduced as a 
useful qualitative means for comparing the structural diversity 
(and thus chemical space coverage) associated with a particular 
molecular collection  [21]. ‘Diversity’ can be viewed as a spectrum 
ranging from a target-oriented synthesis of a specific molecule 
to the synthesis of all possible compounds (i.e., total chemical 
space coverage), a traditional combinatorial approach and a 
DOS produce compound collections that sit between these 
two extremes. A DOS should, therefore, aim to generate, in a 
qualitative sense, collections of small molecules that are as near 
as possible to the right hand side of this spectrum  [21].

The efficient creation of skeletal diversity represents the 
most crucial, yet most challenging, facet of a DOS  [21]. There 
are two principle approaches towards this goal, the reagent-
based approach and the substrate-based approach (Figure 2). 
Reactions that are capable of rapidly assembling complex 
molecular skeletons and generating structural complexity, such 
as pericyclic, cascade and tandem reactions, are particularly valuable 
in a DOS context. Folding-type DOS processes typically exploit 
the remarkable utility of ring-closing metathesis to generate 
complex molecular frameworks from simple starting mate-
rials  [23]. Diversity-driven approaches such as DOS typically 
produce libraries that are smaller in size than those resulting 
from combinatorial-type methods. Nevertheless, compound 
purification still represents a significant bottleneck in the library 
generation process. Towards this end, many DOS strategies 
have used phase-labelling purification techniques (for example, 
solid-phase synthesis and fluorous-based tags  [24]) that provide 
rapid and generic methods for product isolation.

4.	 Conclusion

Recent years have witnessed a significant paradigm shift in 
the selection criteria for compound libraries used in biological 
screening experiments, with molecular diversity consider-
ations playing an increasingly prominent role. The emergence 
of diversity-driven synthetic approaches that aim to generate 
collections of molecules capable of modulating a wide variety 
of biological processes may provide novel chemical probes 
for biological research and new drugs for therapeutic inter-
ventions, with increased frequency and decreased cost  [5]. 
Indeed, there are numerous examples of novel, biologically 

useful small molecules that have been discovered through 
the screening of DOS libraries  [25]. However, the challenges 
associated with the efficient de novo creation of functionally 
diverse compound libraries are formidable and continued 
advancement in both the design and technical aspects of such 
methods are required. In particular, future diversity-driven 
library syntheses should aim to more efficiently couple the 
generation of molecular complexity, which is required for target 
specificity, with the structural diversity (principally scaffold 
diversity) prerequisite for broad biological activity, such that 
little of the functionality desired in the final compounds needs 
to be present in the starting substrates.

5.	 Expert	opinion

There is undoubtedly a value in diversity-driven approaches 
that aim to produce functionally diverse compound collections. 
The screening of such libraries offers the possibility of 
discovering novel molecules, with exciting and unusual 
biological properties, which have thus far escaped the attention 
of humans and perhaps even nature.

Although recent years have witnessed a surge in the 
development of strategies that aim to simultaneously access 
wide areas of chemical space, we feel that the field is still in 
its infancy. An important consideration is the degree of 
‘constraint’ placed on such methods. Ultimately, the goal of 
any library screening process is to identify molecules that are 
capable of interacting with biological macromolecules in a 
useful fashion. As such, although diversity-driven syntheses 
typically aim to access a wide area of chemical space, there is 
still a certain degree of bias associated with the compounds 
produced; that is, the libraries are designed to access biologically 
relevant space. Consequently, a diversity-driven synthesis should 
not simply be a random generation of compounds but rather 
a carefully considered endeavour that aims to generate mol-
ecules with diverse molecular structures that are natural 
product-like and drug-like in terms of their capability to 
modulate biological systems. The structural constraints that 
this consideration imposes on molecules are not precisely 
known as the true boundaries of biologically relevant chemical 
space have yet to be defined (if indeed it is ever possible to 
do so). As such, the degree of ‘biologically relevant bias’ in a 
diversity-driven synthesis is dependent on a balance between 
risks and potential rewards. Making and screening molecules 
costs, both in terms of time and money. Therefore, given 
the prevailing economic climate, it is unsurprising that phar-
maceutical companies, although recognising the need for 
incorporating some level of diversity in chemical collections, 
tend to favour the synthesis of molecules that satisfy existing 
criteria for being ‘pharmaceutically reasonable’ and, as such, 
generate libraries that are biased towards known biologi-
cally active chemical space  [7]. Although this is (relatively 
speaking) a low-risk approach, there nevertheless remains the 
possibility that there exists an untold number of biologically 
useful compounds in unexplored regions of chemical space. 
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Furthermore, it is likely that the low-hanging fruit contained 
with the boundaries of known biologically active chemical 
space have already been picked and the focused investigation 
of this area, principally by pharmaceutical companies, means 
that the crowded intellectual property space is an ever-growing 
problem. Thus, the exploration of uncharted regions of chemical 
space may offer great rewards to anyone brave enough to 
attempt it: a potential source of new biologically active 
molecules with unusual modes of action acting on unexploited 
drug targets.

The widespread application of diversity-based approaches 
will require the development of synthesis strategies that 
more efficiently and specifically access known and unknown 
biologically relevant chemical space, rather than chemical 
space that cannot provide biologically useful molecules. In 
this sense, whilst synthesis may be considered the most 
important factor in generating diversity in libraries for 

screening, it is by no means the only consideration. A better 
understanding of the boundaries of biologically relevant 
chemical space, and thus our ability to predict the biological 
relevance of compound libraries, is also needed. This is by 
no means an easy task and requires a vastly improved under-
standing of the relationship between the structural features 
of molecular libraries and screening outcomes  [5].
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